Abstract: We experimentally demonstrate a novel all-optical, all-fiberized scheme that can eliminate linear perturbations in the time domain. The technique relies on converting these distortions from time to frequency domain using parabolic pulses shaped using SSFBG.
Introduction
During optical transmission, short optical pulses are subject to distortions originating by a variety of phenomena, such as chromatic dispersion (both second and higher order), polarization-mode dispersion and timing jitter. These factors limit the maximum unrepeated transmission distance, especially when ultrahigh data rates are considered (>40 Gbit/s). Recently, Nakazawa et al. investigated analytically and experimentally the use of an Optical Fourier Transform (OFT) technique to mitigate linear distortions in the time domain (see for example [1] [2] [3] ). This technique is based on the observation that most linear perturbations affect only the signal in the time domain, while the spectral profile remains greatly undistorted. If the spectral shape is somehow projected into the time domain before being assessed, then ideal undistorted transmission can be realized. Furthermore, if the transmitted signal exhibits the same shape in both domains, e.g. if the pulses are Gaussian, a complete reconstruction of the initial undistorted pulse is possible (similarly, clean pulse transformations can also be obtained for other pulse forms, e.g. sech 2 ). In [1] [2] [3] the OFT was performed using an electro-optic modulator to apply a quadratic phase modulation on the signal, followed by a length of single-mode fiber (SMF) which applied a controlled amount of dispersion (details on the operation principle of the technique can be found in [2] ). This has already allowed error-free transmission of 160 Gbit/s signals over a distance of 600 km [3] . However, LiNbO 3 phase modulators (PMs) driven by a sinusoidal clock signal cannot impose a parabolic phase profile over a wide range of the clock period and furthermore the maximum induced chirp on the signal is restricted by the V π and the amount of voltage that can be applied on a commercial PM.
In this paper, we overcome these limitations by replacing the PM with cross-phase modulation (XPM) in a highly nonlinear fiber (HNLF) using parabolic pulses as the pump signal. In our system we generate parabolic pulses in a linear and highly stable manner using pulse shaping in a superstructured fibre Bragg grating (SSFBG). Then, according to the time-derivative effect of XPM, a quadratic phase modulation (following the intensity profile of the parabolic pump pulses) is applied to the shorter data pulses. The use of high-power amplifiers and HNLFs allow large nonlinear phase shifts to be achieved, which is required for the complete compensation of signals with a high spectral content. We first demonstrated the quality of quadratic phase modulation that can be achieved with this scheme in a retiming scheme [4] . In this paper we extend this scheme for the elimination of second-(GVD) and higher order dispersion respectively. We demonstrate this technique at 10Gb/s, however since it is all-optical and relies on fibre nonlinearities, it should readily be scalable to much higher repetition rates.
Experimental set-up and Results
The experimental setup and operation principle of the scheme is shown in Fig.1 . Pulses from a ~2 ps 10 GHz modelocked erbium fiber ring laser (MLL) operating at 1542 nm were first split into two paths using a 50:50 coupler. One path was wavelength-converted in a nonlinear optical loop mirror (NOLM), see for example [5] for further details, thus generating ~3 ps pulses at a wavelength of 1556 nm. These pulses were subsequently distorted using either GVD in a length of SMF or a severe linear distortion imposed by a fiber Bragg grating (FBG), thus forming the signal to be processed. The second path was used as the input to the parabolic pulse shaper formed by a SSFBG. The shaped pulses were designed to have a 10 ps (FWHM) parabolic envelope superimposed upon a 5 th order superGaussian profile to reduce their spectral extent. They were amplified using an EDFA and coupled together with the distorted pulses using a 90:10 coupler. An optical delay line in the path of the distorted signal was used to ensure the signal and parabolic pulses were overlapping temporally before launching into 220 m of HNLF. The HNLF has a nonlinear coefficient of ~20 W walk-off between the two signals. While the power of the parabolic pump pulses could be varied, the power of the distorted pulses was kept quite low to avoid spectral broadening due to self-phase modulation. During propagation in the HNLF the distorted signal acquired a linear chirp due to XPM induced by the much stronger parabolic pulses. At the output of the HNLF, the parabolic pulses were filtered out by a 3 nm bandpass filter centered at 1556 nm, and the XPM signal was fed into 150 m of SMF which was used to remove the linear perturbation and complete the transformation [2] . (a) (b) Fig. 1 . a) Experimental setup and operating principle of the linear-distortion compensating scheme. b) Intensity and phase of the parabolic pulses measured using l-FROG; the measured intensity profile is fitted to an ideal parabolic pulse (circles).
We first characterized the pulses reflected off the SSFBG using electro-optic modulator based linear frequencyresolved optical gating (l-FROG) [6] . Fig. 1(b) shows the temporal profile of the measured pulses (solid blue trace) and is fitted with an ideal parabolic pulse (circles), illustrating excellent agreement between the two and confirming that that the intensity profile of our shaped pulses had an almost linear gradient. The optical phase is shown to be nearly constant across the full width of the pulse.
We tested the operation of our compensation system using input pulses broadened through the effects of GVD in two different lengths of SMF. Our calculations had shown that for our system parameters we would need ~90 mW of average pump power in order to achieve OFT at the output of the 150 m SMF. In order to confirm this experimentally, we measured the pulse width that we obtained at the output of the system for various values of pump power. This was done for several values of applied GVD. We expected that although pulses with different applied GVD would have different input pulse widths, the preservation of the spectrum in GVD would ensure they all have the same output pulse width if an OFT has occurred. We can see from Fig 2a, that the output pulse width curves plotted for the three GVD distortions do indeed intersect near our predicted power level. After finding the OFT point we performed autocorrelation measurements of the GVD-distorted pulses at the input and output of the compensator for that level of pump power (see Fig. 2b and c) . Fig. 2c shows that regardless the amount of GVD introduced to the incoming pulses (provided of course that we remain within the window of the parabolic pulses), the pulses at the output of the system have the same width, which is directly comparable to that of the undistorted pulses. Note that the values associated to each pulse profile in the figure refer to the FWHM of the autocorrelation traces rather than the FWHM of the intensity profiles. We then proceeded to compensate for the FBG-imposed distortions using the same setup. Our pulses were distorted using propagation through a specifically designed fiber Bragg grating affecting only the time delay of the frequency components of the filtered signal. Fig.3a shows the l-FROG characterization of the pulses reflected off this grating, and indicates that the distortion acquired by the pulses exhibits a double peaked profile and ringing that extends further out than the compensating window of our parabolic pulses. Fig.3b shows however, that the pulse spectrum remains largely unaffected by the filtering process . Fig 3c and d show the corresponding traces at the output of the compensator. It can be clearly seen that the distorted pulses were compressed back to approximately the original pulse width and that the main signal distortions have been passed on to the spectrum. We note also that there is still an unsuppressed pedestal outside the central region of the pulse. This is due to the limits of the compensation window provided by our ~10 ps parabolic pulses. Any parts of the distorted pulse outside of this window will not experience the linear chirp (they will only dispersively propagate in the various lengths of fiber) and will not be compensated. Fig. 3 . Compensation of FBG distorted pulses. l-FROG retrieved intensity profile (a) and corresponding spectrum (b) of FBG-distorted pulses at the input of the compensating system. l-FROG retrieved intensity profile (c) and corresponding spectrum (d) of the pulses at the output of the compensating system.
Conclusions
In conclusion, we have experimentally demonstrated the compensation of high-order dispersion of short optical pulses by using a combination of XPM induced by SSFBG-shaped parabolic pulses in a HNLF and dispersion. The profile of the parabolic pulses ensures that the chirp is linear over the full modulation window, so that it can be properly compensated for by a dispersive medium. By appropriately modifying the SSFBG design, or by adopting nonlinear techniques for the generation and broadening of the parabolic pulses [6] , it should be possible to extend the temporal window of operation, thus enabling compensation of more severe pulse distortions. 
